The inhibitory effects of hydrophobic molecules on the bacterial luciferase, BL, luminescence reaction were analyzed using an electrochemically-controlled BL luminescence system. The inhibition potency of alkyl amines, CnNH2, and fatty acids, CmCOOH (m = n -1), on the BL reaction increased with an increase in the alkyl chain-length of these aliphatic compounds. CmCOOH showed lower inhibition potency than CnNH2 and alkyl alcohols, CnOH, data for which have been previously reported. To make clear the inhibition mechanisms of the aliphatic compounds on the BL reaction, the initial rate of the BL reaction was measured and analyzed using the Dixon plot and Cornish-Bowden plot. The C12OH inhibited the BL reaction in competition with the substrate C11CHO, while C12NH2 and C11COOH inhibited in an uncompetitive manner with the C11CHO. These results suggest that the alkyl chain-length and the terminal unit of the aliphatic compound determine the inhibition potency and the inhibition mechanism, respectively.
Introduction
General anesthetics, GAs, have been used clinically for more than 2000 years in surgical operations to suppress pain. In spite of many studies to determine the action mechanisms of GAs on living organisms since the 1800s, the basic mechanisms still remain to be clarified. While the specific action sites of many local anesthetics have been identified already, the action sites of GAs have not yet been identified. Because GAs induce the loss of consciousness, the lipid bilayer and/or membrane proteins, especially the channel protein, in the central nerve cell have been considered the primary action site of GAs. It has been thought that anesthesia has been considers induced by the penetration of hydrophobic GAs into the lipid bilayer membrane of a cell. 1, 2 This idea is originally based on the Meyer-Overton rule and therefore the non-specific interaction is assumed to be between the GAs and cell membrane. The more recent idea of anesthesia is that GAs bind to the channel proteins in the cell membrane to inhibit ion transport across the cell membrane. 3, 4 For the anesthetic action of GAs on membrane proteins, model proteins, such as the γ-aminobutyric acid receptor (GABAA receptor), 5, 6 serum albumin [7] [8] [9] and firefly luciferase (FFL), have been used to study the protein-anesthetics interaction. Among them, FFL has been widely used because the bioluminescence of FFL acts as a sensitive probe for the inhibition of the enzyme reaction by GAs. [10] [11] [12] [13] In our recent studies, we have examined the applicability of the luminescence enzyme bacterial luciferase (BL) to analyze the action of hydrophobic molecules on proteins because of its high sensitivity and the easy traceability of the enzyme reaction.
14 Based on the studies, an electrochemical control system for the BL luminescence reaction has been proposed and applied to the system to analyze the effects of hydrophobic molecules on the enzyme reaction.
The BL luminescence reaction is a multi-step reaction. The overall BL luminescence reaction can be expressed by the following equations,
where, FMNH2, FMN, C11CHO and C11COOH are the reduced and oxidized forms of flavin mononucleotide, n-dodecyl aldehyde and n-dodecanoic acid, respectively. Using the proposed system, the inhibition of the BL luminescence reaction by n-alkyl alcohols, CnOH, was examined and confirmed to be useful for the inhibitory assay of hydrophobic molecules. 15 CnOH have been used as the model agents to examine the toxicity of hydrophobic molecules based on a structure-activity relationship. In our previous study, it was found that the inhibition potency of CnOH increased with an increase in the alkyl chain-length and it was then concluded that hydrophobicity is one of the key factors for increasing inhibition potency to the BL luminescence reaction.
Cn(m)X, on the BL luminescence reaction were further examined. The effects of the chain-length and terminal unit of the alkyl amines, CnNH2, and fatty acids, CmCOOH, on inhibition potency to the BL luminescence were measured and compared to those of CnOH. In addition, the competitiveness of the interaction between these hydrophobic molecules and substrate C11CHO was examined based on the kinetic measurement of the BL reaction.
Experimental
Reagents and chemicals Bacterial luciferase from Vibrio fischeri (EC: 1.14.14.3) and flavin mononucleotide sodium salt were purchased from Sigma-Aldrich, Inc. (USA). All the Cn(m)X and CnCHO compounds were purchased from Tokyo Kasei (Japan) and Wako Pure Chemical (Japan), respectively. All of the chemicals were used as supplied. The stock solution of 20 μmol dm -3 BL was prepared each day and stored in a refrigerator at 4 C until used. The methanol solution of the 2.0 mmol dm -3 C11CHO was also prepared each day. In all the measurements, the final methanol concentration in the sample solution was kept constant at 0.5% (v/v) to avoid the effect of methanol on the BL reaction. The pH of the sample solutions was adjusted to 7.0 with 50 mmol dm -3 phosphate buffer. For all the measurements, 0.1 mol dm -3 KCl was added as the supporting electrolyte.
Apparatus
The electrochemical reduction of the FMN was performed using a computer-controlled potentiostat (HSV-100, Hokuto Denko, Japan). The luminescence intensity was measured by a H7821-001 photomultiplier module attached with a power supply (C7196, Hamamatsu Photonics, Japan). Both the electrochemical and luminescence signals were recorded simultaneously by a digital recorder (GL500A, Graphtec, Japan) at 0.5 s intervals. The details of the BL luminescence system developed by the present authors was reported previously. 14 
Inhibition potency of Cn(m)X on BL reaction
The effects of Cn(m)X (CnNH2, n = 6, 8, 10 and 12; CmCOOH, m = 5, 7, 9 and 11) on the BL luminescence intensity were measured in order to evaluate their inhibition potency on the BL reaction. For all the measurements, the sample solution contained 1.0 μmol dm -3 BL, 20 μmol dm -3 FMN and 20 μmol dm -3 C11CHO. The methanol solution of the Cn(m)X, with concentrations ranging from 0.01 to 10000 μmol dm -3 , was added to the sample solution. The BL luminescence intensity of the Cn(m)X-free sample solution was used as the control intensity for the relative luminescence intensity. The relative luminescence intensity was plotted versus the logarithm of the inhibitor concentration and then analyzed using the dose-response Eq. (3),
where, I is the luminescence intensity at the inhibitor concentration of x, I0 the luminescence intensity of the control solution, x0 corresponds to the IC50 value and nH is the Hill coefficient. In all the sample solutions containing Cn(m)X, the luminescence intensity reached the steady-state within 1 min after the application of the electrolysis potential. 15 For each BL luminescence measurement, the luminescence intensity was obtained by averaging the recorded 40 digitized points of the steady-state luminescence intensity. The IC50 value is the inhibitor concentration required to decrease the BL luminescence intensity by half. The Hill constant is a measure of the cooperativity of the binding mode of an inhibitor. The inhibition potency of Cn(m)X on the BL luminescence was obtained as the IC50 value.
Competitiveness of Cn(m)X with C11CHO on BL reaction
In order to examine the competitiveness of C12OH, C12NH2 and C11COOH with the substrate C11CHO on the BL reaction, the initial reaction rate vi was measured using the BL luminescence system. All the sample solutions contained 1.0 μmol dm -3 BL, 20 μmol dm -3 FMN and C11CHO, of which the concentration was changed from 22 to 55 μmol dm -3 . The concentrations of Cn(m)X were 0, 10 and 30 μmol dm -3 for C12OH; 0, 10 and 30 μmol dm -3 for C12NH2; and 0, 50 and 100 μmol dm -3 for C11COOH. The sample solution and Cn(m)X solution were mixed together and then the mixture was introduced into the flow electrolysis cell by a syringe. The electrolysis potential of -0.7 V was applied and the corresponding luminescence intensity was recorded at 5 ms intervals. All of the luminescence measurements were carried out in a room with temperature controlled at 25 ± 1 C. The vi value was obtained from the plot of the luminescence intensity versus the reaction time. The competitiveness of Cn(m)X with C11CHO was analyzed based on the effect of the C11CHO concentration on the vi value and by assuming the MichaelisMenten type enzyme reaction. Figures 1 and 2 show the dose-response curves of the effects of CnNH2 and CmCOOH, respectively, on the BL luminescence intensity. For Cn(m)X with the shorter alkyl chain, neither CnNH2 nor CmCOOH inhibited the luminescence reaction. In contrast, C10NH2, C12NH2, C9COOH, and C11COOH inhibited the luminescence reaction in a dose-dependent manner, showing increasing inhibition potency based on the alkyl chain-length. This dependency on the alkyl-chain length is similar to that of CnOH.
Results and Discussion

Effects of alkyl chain-length and terminal unit
15 Table 1 summarizes the IC50 values for inhibition by Cn(m)X on the BL luminescence reaction. The IC50 values of Cn(m)X decreased with an increase in alkyl-chain length for all the examined terminal units, indicating an increase in a inhibition potency corresponds to an increase in the chain-length.
Makemson et al. reported the dissociation constant of the BL Intermediate-II in Eq. (5) and Cn(m)X complex, Ki, for C10OH, C12OH, C10NH2, and C12NH2, to be 2.33, 0.024, 0.45, and 0.021 μmol dm -3 , respectively. 16 The decrease in the Ki value vs. the alkyl chain-length means the formation of the more stable complex of the Intermediate-II with Cn(m)X. The decrease in the IC50 value with increasing alkyl chain-length of Cn(m)X can then be attributed to the formation of the inactive complex of Intermediate-II and Cn(m)X. C10NH2 and C12NH2 showed inhibition potencies similar to those of C10OH and C12OH, respectively. In contrast, C8NH2 did not show any inhibition potency even though C8OH showed some potency. For the longer alkyl-chain Cn(m)X, hydrophobicity can be attributed as the predominant factor behind the formation of the Intermediate-II and Cn(m)X complex. In the shorter alkyl-chain Cn(m)X, the effect of the Cn(m)X terminal unit may be the more predominant factor compared to the hydrophobicity.
The IC50 values of C9COOH and C11COOH were more than 10 times higher than those of the corresponding CnOH and CnNH2. As CmCOOH is a reaction product of the BL luminescence reaction, it is reasonable to consider that CmCOOH has a lower affinity to the BL when compared to the substrate C11CHO. Therefore, much more CmCOOH is required to inhibit the BL reaction compared to CnOH and CnNH2 of the same carbon number. Meighen et al. reported that CmCOOH inhibits the decomposition of the BL-product complex when using the single-turnover BL luminescence system. 17 The property of the terminal unit is considered as additional second factor for the inhibition of the BL reaction.
Kinetic analysis of BL reaction
Figure 3(a) shows the initial portion of the BL luminescence intensity versus the reaction time curve. In Fig. 3(a) , the non-linearity of the reaction time between 0 and 0.4 s is probably due to the time lag in the electrochemical generation of FMNH2. The initial reaction rate of the BL luminescence reaction, vi, was obtained from the slope of the linear part of the profile shown by the dashed line in Fig. 3(a) . Figure 3(b) shows the dependence of the vi value on the C11CHO concentration. The solid line in Fig. 3(b) is the best fitted result using the Michaelis-Menten equation.
As mentioned in the introduction, the BL luminescence reaction is a multi-step process that can be divided into the following five reaction steps: The well-fitted result in Fig. 3(b) shows that the overall BL luminescence reaction is limited by formation of Intermediate-IIA* in step (iv). This result is consistent with the result reported by Abu-Soud et al. who used the stopped-flow kinetic method. 18 According to their results, the rate constant of the forward reaction of Eqs. (4), (5) and (6) are 1.7 × 10 7 , 2.4 × 10 6 , and 1.0 × 10 7 mol -1 dm 3 s -1 , respectively, while the rate constant of the Intermediate-IIA oxidation reaction is 3.8 s -1 . Thus, it can be considered that step (iv) is a rate-limiting process when an adequate amount of FMNH2 and O2 are supplied to the system. As light emission is a fast process, the overall reaction can then be simplified as follows:
In the present system, as light emission is a fast process, the luminescence intensity can be measured as the formation rate of Intermediate-IIA*, the reaction product of Eq. (9). The competitiveness of Cn(m)X inhibition with C11CHO was analyzed based on this reaction mechanism.
Competitive analysis
In the present study, Cn(m)X with total carbon number of 12, (C12OH, C12NH2, and C11COOH) were chosen as inhibitors, and the effect of the terminal unit on competitiveness was compared due to their strong inhibitory potency. Figures 4(a) and 4(b) show the Cornish-Bowden and Dixon plots, respectively, for the inhibition of BL luminescence by C12OH. The theoretical background for the Cornish-Bowden 19 and Dixon plots 20 is explained in the supporting information. In these figures, the solid lines are the results of the linear fitting of the experimental data. In the Cornish-Bowden plot, the slope of the line remained nearly constant for the different concentrations of C11CHO. In the Dixon plot, in contrast, the slope of the line decreased with an increase in the C11CHO concentration, and the lines intersected at the same x-axis point. These results are characteristics of competitive inhibition, indicating the competitive binding of C12OH with C11CHO to inhibit the BL reaction. Figures 5(a) and 5(b) show the Cornish-Bowden and Dixon plots, respectively, for the inhibition of BL luminescence by C12NH2. In the Cornish-Bowden plot, the slope increased with an increase in C11CHO and the lines of different C11CHO concentrations intersected at the same x-axis point. In the Dixon plot, lines of similar slope were observed for different concentrations of C11CHO. These results indicate that the C12NH2 binds to the BL in an uncompetitive manner with C11CHO to inhibit the BL reaction. In the case of C11COOH, trends similar to those of C12NH2 were observed in both the Cornish-Bowden and Dixon plots as shown in Figs. 6(a) and 6(b), respectively. As in the case of C12NH2, the C11COOH also binds to the BL in an uncompetitive manner with C11CHO. Neither C12NH2 nor C11COOH binds to the CnCHO binding site in the BL to inhibit the reaction of the Intermediate-IIA.
Inhibition mechanisms
From the results of C12OH ( X for the BL reaction. The Ki values of C12OH, C12NH2 and C11COOH were observed to be about 2.0, 25, and 600 μmol dm -3 , respectively. The binding affinity of C11COOH to the BL molecule is lower than those of C12OH and C12NH2 which resulted in the lower inhibition potency of C11COOH. The competitive binding of C12OH with C11CHO indicates that C12OH binds to the same sites for C11CHO in the BL. Li et al. indicated that the hydrophobicity of the active site of the BL from Vibrio harveyi is an important factor for the reactivity of the BL luminescence by using the random mutagenesis tecnique. 21 It can then be supposed that the uncharged head group of C12OH and C11CHO is one of the causes of the shared binding sites in the BL. The increase of the inhibition potency of CnOH with alkyl chain-length also supports the significance of the hydrophobicity in the inhibition. 15 C12NH2 and C11COOH bind to the BL in an uncompetitive manner with C11CHO, indicating the different binding sites of C12NH2 and C11COOH from the binding site of C11CHO. C12NH2 and C11COOH have positive and negative charges, respectively, at neutral pH region examined. Therefore, these inhibitors are expected to bind preferentially to the charged side chain of the amino acid residue. The binding of these inhibitors should be controlled by both electrostatic interaction and hydrophobic interaction, while that the binding of C12OH is controlled mainly by hydrophobic interaction. Interestingly, the competitive inhibitor, CnOH, showed some inhibition potency even with the shorter alkyl chain-length, 15 whereas the uncompetitive inhibitors, CnNH2 and CmCOOH with shorter chains (n = 6, 8 and m = 5, 7) did not show any inhibition potency. These results possibly indicate the difference of their binding sites and environments.
Conclusions
The effects of hydrophobic molecules on the BL luminescence reaction were discussed by using the electrochemical BL luminescence system. For all Cn(m)X examined, the inhibition potency of Cn(m)X on the BL reaction increased with an increase in Cn(m)X alkyl chain-length. This result indicates that Cn(m)X binds to the hydrophobic site of the BL molecule. The inhibitory effects of CnOH and CnNH2 of the same carbon number showed similar inhibition potency. In contrast, CmCOOH, the reaction product of the BL luminescence, showed lower inhibition potency than those of CnOH and CnNH2.
The competitiveness of the interaction between Cn(m)X and C11CHO was analyzed by measuring the effect of Cn(m)X on the initial-rate of the BL reaction. The C12OH inhibited the BL reaction competitive with the substrate C11CHO, while the C12NH2 and C11COOH inhibited in an uncompetitive manner with C11CHO. From the dose-response and competitiveness of these molecules, it has been concluded that hydrophobicity determines inhibition potency, while the terminal unit determines the inhibition mechanism, that is, the binding site.
